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Abstract—We discuss an international comparison of thermal in January 1996, with initial measurements at NIST. The
noise-power measurements (GTRF-92-2), which has recently beenartifacts were then circulated to LCIE, NPL, PTB, and finally
completed under the auspices of the Consultative Committee for back to NIST for repeat measurements to verify that the
Electricity and Magnetism (CCEM). The noise temperatures of ise t ¢ fth tifacts had not ch d during th
two solid-state sources with GPC-7 connectors were measured at"10'S€ t€mperatures 0_ e arti aF: S had not ¢ ange L?”ng e
2, 4, and 12 GHz at the national laboratories in France, Germany, course of the comparison. The timetable for the circulation and
the United Kingdom, and the United States. Good agreement measurement of the standards at the participating laboratories
was found among the results from the different laboratories, (including twice at the pilot laboratory) allowed a total of 60
with all results agreeing within the expanded uncertainties, which weeks for the five sets of measurements, somewhat longer
ranged from approximately 0.5% to 2.9%. The comparison was than the t K laborat t d by th ideli
performed in accordance with the guidelines recently adopted by an the ten _Wee S perla ‘?fa ory suggested by the guidelines.
the Bureau International des Poids et Mesures (BIPM). The scheduling was complicated by the facts that one of the
participants performed the relevant measurements at only one
time during the year, and that another participant’s laboratory
facilities were shut down for a period of time due to an internal
move.

. INTRODUCTION The artifacts used as traveling standards were two com-
N INTERNATIONAL thermal noise comparison hasmercial broadband noise sources with GPC-7 connectors. In

been performed, comparing noise-temperature measufe interlaboratory transfers, the two sources were shipped on
ments made at 2, 4, and 12 GHz. The participating laboratorié§erent days so that a single mishap could not damage or
were the Laboratoire Central des Industries Electriques (LCI[@pe both at once. Special travel cases were provided by NIST
in France, Physikalisch-Technische Bundesanstalt (PTB) a@Ad were used throughout the circulation of the sources. Each
Germany, the National Physical Laboratory (NPL) in th&boratory measured the noise temperature of each source at
United Kingdom, and the National Institute of Standards ardd 4, and 12 GHz. The participating laboratories used their
Technology (NIST) in the United States, which served as ti§&n power supplies, operating the sources according to the
pilot laboratory. The comparison was initially approved by th@anufacturer’s specifications. The laboratory temperature was
CCEM in 1992 and was assigned the number GTRF-92-2.ttbe kept at (29& 1) K. In past experience with the same type
became dormant shortly thereafter and remained so until ARf-noise source, the noise temperature of the source had varied
gust 1995, which was shortly after the BIPM had adopted a $¥ith the physical temperature of the output connector, and the
of guidelines for conducting such international comparison&mperature had risen during use of the source. To avoid this
We decided to make every effort to follow the guidelines, arifoblem, participating laboratories were advised to hold the
a schedule was adopted which did so (approximately). Th@itput connector at room temperature if feasible. The BIPM
in addition to comparing noise measurements, this comparis@idelines specify that the measurements should be performed
also serves as a test case for the new guidelines. using the state of the art in the laboratory at the time of
The schedule adopted for the Comparison called for gﬂﬁ Comparison, without additional research or development.
initial period of organization and protocol development, lastingccordingly, the measurements performed for the comparison

through the end of 1995. The measurement phase commenge@uld be representative of calibrations performed by each
laboratory for their usual clients.

Index Terms—international comparison, noise, noise measure-
ment, noise temperature, thermal noise.
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The radiometer used at LCIE is of the switching (Dicke) TABLE |
type and uses a 30 MHz receiver. For the 2 GHz measuremdAE4suRED NoISE TEMPERATURES(IN K) FOR SOURCE (a) 12 136anD (b) 12 137
the test port to which the device under test (DUT) was con-

nected has a coaxial connector. For 4 and 12 GHz the test port =" 20 Gl o Gz 120 Gitz
is a waveguide, and adapters are used. At all three frequencieSysr. 0840 + 81 9409 + 82 10 276 + 97
transfer or working standards are used with the radiometer.

Solid-state transfer standards, calibrated at NPL, are used at 2LCIE 9993 + 232 9501 * 216 10 477 = 308

and 4 GHz. At 12 GHz the transfer standard is a gas discharge

tube with R-100 waveguide output, calibrated against LCIE’s o8 12 M 10333 = 140

primary standard, which uses an oven at 1023 K. PTB 0834 = 36 9427 + 70 10 264 + 56
At PTB the traveling standards were measured against a

coaxial working standard at 2 and 4 GHz. The working NIST-2 9855 £ 81 9420 + 81 10 291 + 97

standard was calibrated against the PTB primary coaxiat

standard [2], [3]. At 12 GHz, an R-100 waveguide working "' 08 P9 a8 10280243

standard and a calibrated precision adapter (R-100/GPC-7)

were used. The R-100 working standard was calibrated against @

the PTB R-100 primary standard [4]. Both primary standards

consist of a heated termination connected by a (waveguidkoraery 2.0 GHz 4.0 GHz 120 GHz

or coaxial) transmission section to the output section, which 5693 2 80 347 8 238 2 108

is maintained at ambient temperature by circulating water.

The operating temperature of the termination is in the range rcie 9869 & 228 9436 + 214 10 711 + 314

650-700 K, with output noise temperatures from about 600

to about 650 K. The PTB radiometers are of the switching ML 9746 % 120 9430 * 135 10 513 = 155

(or Dicke) type. For the 2 and 4 GHz measurements a 0673 4 55 9369 & 69 10 474 5 56

coaxial radiometer [1], [5] is used, and for 12 GHz an R-100

waveguide radiometer [6] is used. NIST-2 9703 = 80 9350 + 80 10 496 + 99
The measurements at NPL were performed on a total-power,

single-sideband, mismatch-correcting radiometer [7], [8]. The Mean 9696 + 42 9373 * 48 10 486 = 46

measurements were made against the working standard fet

the frequency in question, a coaxial working standard at 2 (b)

GHz, WG-10 at 4 GHz, and WG-16 at 12 GHz. The working ) ) ]
standards were calibrated against the NPL primary therma/® final point that must be addressed before comparing

noise standards. The primary standard at NPL is a higrﬁ:_sults is the location of the reference plane at which the noise
temperature thermal source operating at about 650 K. temperature is measured. LCIE, NPL, and PTB all measure
;?; noise temperature at the plane of the output connector of

At NIST the traveling standards were measured direct )
against a cryogenic primary standard. The primary standdh§ source, whereas NIST measures the noise temperature at

[1], [9] consists of a resistive termination immersed in liquid Plane in the transmission line between the source and the

nitrogen at its boiling temperature, connected by a coax@¢tput connector. The difference in noise temperature at the

transmission line to a GPC-7 output connector at ambielyo different planes can be estimated from the connector loss.

temperature. The measurements were made on total-polfef 9enerally less than 0.01 dB for a good GPC-7 connector

radiometers [1], [10], with internal six-port reflectometers tgaln which for a high noise temperature would lead to a

measure relevant reflection coefficients. The radiometers Wéil!gerence of about 0.1% between the temperatures at the two

configured to have GPC-7 connectors and were Ca"bra%lﬁserem reference planes. We Will not attempt to correct for
in that configuration. Three separate radiometers were used; difference, but we do note its existence.
covering the frequency ranges 2—4 GHz, 4-8 GHz, and 8-12.4
GHz. At 4 GHz, the traveling standards were measured on both lIl. RESULTS
radiometers covering that frequency. Results of the measurements of the noise temperatures
Although some of the standards are similar or not ewf the two devices at each of the laboratories are given
tirely independent, there is still sufficient diversity among thim Table I(a) and (b). The uncertainties are the expanded
standards and radiometers at the participating laboratoriego= 2) uncertainties, corresponding approximately to a 95%
provide a meaningful comparison. Two entirely different typesoverage probability. The equivalent results for the available
of primary standards are used (cryogenic and oven) and thexeess noise ratio (ENR) are given in Table li(a) and (b).
are also two different types of radiometers (switching and totéhe order of the laboratories in the tables corresponds to
power). The combinations represented by the participatittie chronological order of the measurements, beginning and
laboratories are oven standards with switching radiometerseamding at NIST (NIST-1 and NIST-2, respectively). The
two laboratories, oven standards with a total-power radiometgreement between NIST-1 and NIST-2 demonstrates the
at one laboratory, and a cryogenic standard with total-powstability of the two traveling standards over the course of
radiometers at one laboratory. the comparison. The maximum difference between before and
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Fig. 1. (a) Measured noise temperatures for source 12136. (b) Measured noise temperatures for source 12 137.
TABLE I unfairly weighting the mean toward the NIST results, although

MEeASURED ENR,,, (IN DECIBELS) FOR SOURCE (a) 12 136anD (b) 12137 in practice the effect would have been slight.
The salient feature of the results is the good agreement

Laboratory 2.0 GHz 4.0 GHz 12.0 GHz .. . .
among the participating laboratories. Each laboratory, at each
NIST-1 15.176 + 0.037 14.975 + 0.039 15.370 < 0.042 frequency, for each device, agrees with the mean within the
expanded uncertainty quoted by that laboratory. Considering
LCIE 15.245 £0.103 15.019 +0.101 15457 % 0.130 that the expanded uncertainties are quite small, ranging from
approximately 0.5-2.9%, this represents a significant achieve-
NPL 15.202 £ 0.057 15.018 + 0.064 15.395 £ 0.061 . . .
ment. The agreement is also evident in graphs of the results,
PTB 15.173 + 0.025 14.984 + 0.033 15365 + 0,024 presented in Fig. 1(a) and (b). In the graphs, the results at each
frequency (2.0, 4.0, and 12.0 GHz) have been grouped near the
NIST-2 15.183 £ 0.037 14.981 £ 0.039 15376 20042 gctual frequency to visually separate the individual data points.
@ IV. CONCLUSION
Two principal conclusions may be drawn from this com-
Laboratory 20 GHa "0 o 120 GFa parison, one technical and the other procedurgll. The technical
conclusion is that measurements at the participating labora-
NIST-1 15.109 + 0.037 14.946 + 0.042 15.461 £ 0.045 tories, made with differing primary standards and different
radiometer designs, all agree within the quoted uncertainties,
LCIE 15.189 4 0.102 14.988 £ 0.101 1535520129 which range approximately from 0.5% to 2.9%. This agree-
NPL 15.133 4 0,055 14985 £ 0.064 15.472 1 0.066 ment _suggests tha_t both the measuremen_t _tecr_mlques and_the
associated uncertainty analyzes at the participating laboratories
PTB 15.099 + 0.025 14.956 + 0.033 15.455 + 0.024 are correct—to the extent tested by this comparison.
The procedural issues are related to the BIPM guidelines
NIST-2 15.113 £ 0.037 14.947 £ 0.039 154650042 fgor conducting international comparisons. After its revival in
1995, this comparison was conducted according to the CCE
() guidelines. The biggest challenge posed by the guidelines was

the timetable. At the start of the comparison a schedule that

after measurements is 15 K, or about 0.15%, and the averggesentially) met the BIPM guidelines was adopted, and this
difference is 10 K, about 0.10%. original schedule was actually followed for the full course

The final entry in the noise-temperature tables is th@ the comparison. Meeting the schedule was facilitated by

weighted mean of the results from the four laboratories atite BIPM stipulation that the measurements should be done

the associated expanded uncertainty, computed from according to the state of the art at the laboratories at the time of
B 9 T 9 1 the comparison. Additional research or development was not
T= UT Z U—;, UT =7 (1) to be done. Consequently, the measurements were treated as
i > oz (almost) routine calibrations. Typical complications arose and
T

were overcome during the course of the comparison: personnel
with the sums running over the four laboratories. In computirtgrnover, measurements at one laboratory performed at only
the mean, only one entry was used for NIST, correspondinge time during the year, an intramural relocation of one
to the average of NIST-1 and NIST-2. This was done to avoldboratory, delays in customs, and temporary closure of one
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laboratory. In summary, we found it possible, though not eas’
to follow the BIPM guidelines for international comparisons
It required some effort, the cooperation and support of ¢
participating laboratories, and perhaps a little good fortune.
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